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TendonCoordinated locomotion of Drosophila larvae depends on accurate patterning and stable attachment to the
cuticle of both muscles and proprioceptors (chordotonal organs). Unlike muscle spindles in mammals, the ﬂy
chordotonal organs are not embedded in the body-wall muscles. Yet, the contractile system (muscles and
tendons) and the chordotonal organs constitute two parts of a single functional unit that controls
locomotion, and thus must be patterned in full coordination. It is not known how such coordination is
achieved. Here we show that the positioning and differentiation of the migrating chordotonal organs are
instructed by Stripe, the same transcription factor that promotes tendon cell speciﬁcation and differentiation
and is required for normal patterning of the contractile system. Our data demonstrate that although
chordotonal organs are patterned in a Stripe-dependent mechanism similarly to muscles, this mechanism is
independent of Stripe activity in tendon cells. Thus, the two parts of the locomotive system use similar but
independent patterning mechanisms that converge to form a functional unit. Stripe plays at least a dual role
in chordotonal development. It is required within the ligament cells for terminal differentiation and proper
migration, without which no induction of ligament attachment cells takes place. Stripe's activity is then
necessary within the recruited cells for their differentiation as attachment cells. Similarly to the biphasic
differentiation program of tendons, terminal differentiation of chordotonal attachment cells is associated
with sequential activation of the two Stripe isoforms—Stripe B and Stripe A.
© 2009 Elsevier Inc. All rights reserved.Introduction
The insect exoskeleton, apart from being a rigid supportive
structure, serves as a sensory surface through which an insect can
detect its environment and through the activity of proprioceptive
sense organs, monitor its own movements and body posture. The
major proprioceptive input is provided to the ﬂy's brain by stretch-
receptive subepidermal sensory organs called chordotonal (Ch)
organs (for a review see Field and Matheson, 1998), which are
located in close proximity to the body wall muscles. Ch organs are
activated by relative displacements of body parts caused by muscle
movements, similarly to muscle spindles in mammals. Their propri-
oceptive activity involves the direct transduction of mechanical
stimuli into neuronal impulses, and allows coordinated contraction
of body segments in the larva (Caldwell et al., 2003).
Eight Ch organs develop in each abdominal hemi-segment of Dro-
sophila embryos. Five of themare clustered together to form the lateral
pentascolopidial organ (LCh5) (Fig. 1A). Each Ch organ contains a
sensing unit, consisting of a bipolar neuron and a scolopale cell, which
is stretched between two accessory cells termed cap and ligament. Thell rights reserved.cap and ligament cells are attached to the cuticle via two epidermal
attachment cells, the cap attachment (CA) (Brewster and Bodmer,
1995) and the ligament attachment (LA) cells (Inbal et al., 2004) (Figs.
1A, B). All the different cells that constitute a functional Ch organ, with
the exception of the LA cell, are derived from a single precursor by
several asymmetric divisions (Brewster and Bodmer 1995, 1996). The
LA cell is recruited from the epidermis by the approaching ligament
cells via an EGF receptor-dependent mechanism (Inbal et al., 2004).
Each of the six Ch-speciﬁc cell types is characterized by the expression
of a unique set of genes that contribute to its specialized structure and
function (Fig. 1B). For example, the ligament, cap and the two
attachment cells, but not the neuron and scolopale cell, express the Ch-
speciﬁc isoform of α-tubulin, α-tubulin 85E (α-Tub85E) (Inbal et al.,
2004; Matthews et al., 1990). All these accessory cells also express β1-
tubulin, and the cap cells express in addition the β3-tubulin isoform
(Buttgereit et al., 1991; Dettman et al., 2001).
The LCh5 organs are born in the dorsal region of the embryo and
migrate ventrally to assume their lateral position (Salzberg et al., 1994;
Inbal et al., 2003; Kraut and Zinn, 2004). LCh5 migration begins with a
phase of rotation, duringwhich the organs assume correct orientation,
and continueswith a stretching phase, which brings the ligament cells
to their basal attachment site (Inbal et al., 2003). At the end of
embryogenesis, the LCh5 organs are stretched diagonally from the
dorsal posterior region to the lateral anterior region of each abdominal
Fig. 1. The LCh5 organ in embryonic and larval stages. (A) Abdominal segments of a stage 16 embryo stainedwith anti-Futsch (22C10, red), anti-Sr (green) and anti-α-Tub85E (blue).
The LCh5 organs are stretched diagonally from the dorsal posterior region to the lateral anterior region of each abdominal segment. The cap attachment (CA), cap (C), neuron (N),
ligament (L) and ligament attachment (LA) cells are indicated. The cap cells of the VChA, VChB and LCh1 organ are also indicated (arrows). (B) Schematic illustration of the six cell
types that constitute together a functioning Ch organ: cap attachment (CA), cap (C), scolopale (S), neuron (N), ligament (L) and ligament attachment (LA). The LCh5 organ is
stretched across the group of lateral transverse muscles (LT1–4). The lateral longitudinal muscle (LL1), ventral longitudinal muscles (VL1–4) and lateral oblique muscle (LO1) are
also illustrated. The genes and Gal4 drivers expressed in each of the six cell types are indicated on the right panel. (C) Lateral view of three abdominal segments of an ILK-GFP ﬁrst
instar larva. The tendon cells surrounding the LCh5 are indicated, as well as the junction between the cap and cap-attachment cell (C/CA) and between the ligament and ligament
attachment cells (L/LA). (D) Tendons of the lateral transverse muscles and the LCh5 of a third instar ILK-GFP larva stained with phalloidin to visualize actin (red). The arrowhead
marks the scolopales of the LCh5 and the arrows mark the dorsal (C/CA) and ventral (L/LA) attachment sites.
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This diagonal positioning of the LCh5 organs might provide a way to
sense muscle contractions and relative displacement of body parts
along both the anterior–posterior and the dorso-ventral axes. During
larval stages, with the dramatic increase in body size, the Ch organs,
which remain attached to the cuticle via the LA and CA cells, stretch
immensely and increase their length from ∼70 μm at hatching to
∼330 μm at the third instar larval stage (Figs. 1C, D). The mechanisms
by which the very reproducible and accurate pattern of the
proprioceptive system is established during embryogenesis are largely
unknown. Unlike mammalian muscle spindles, which are embedded
in the skeletal muscles, the ﬂy Ch organs develop in close proximity,
but independently, of the body-wall muscles. However, in order to
function as an integral functional unit, which controls locomotion, the
proprioceptive and contractile systems must be patterned in full
coordination. It is not known how such coordination is achieved.
Patterning of the contractile system in Drosophila and other
insects depends on a continuous crosstalk between migrating
myotubes and their corresponding tendons (Williams and Caveney,
1980a,b; Williams et al., 1984; Fernandes et al., 1991; Volk and
VijayRaghavan 1994; Fernandes et al., 1996; Volk, 1999). In the ﬁrstphase of this process the myotubes migrate towards pre-existing
clusters of Stripe (Sr)-expressing epidermal cells. Then, upon reaching
their destination, the myotubes induce terminal differentiation of
those cells they contact, turning them into mature tendons and
establishing functional myotendinous junctions. Sr, a triple zinc
ﬁnger-containing protein of the early growth response (EGR) family
(Lee et al., 1995), plays a dual role in this process. One role of Sr is to
trigger an attractive activity that guides the myotubes to interact
speciﬁcally with their prospective tendon cells, probably by control-
ling the expression of molecules such as Slit and Tsp (Kramer et al.,
2001; Volohonsky et al., 2007; Subramanian et al., 2007). Another role
of Sr is to regulate the expression of tendon cell differentiation
markers such as Delilah (Dei), Shortstop (Shot), and β1Tubulin
(β1Tub) (Becker et al., 1997; Vorbruggen and Jackle, 1997; Yarnitzky
et al., 1997; for a review see Schnorrer and Dickson, 2004).
Here we address the role of Sr in patterning of the proprioceptive
system. We focus on two main questions: (1) do migrating myotubes
and LCh5 organs use the same “map” of Sr-expressing cells for their
guidance as a means to coordinate the patterning of the contractile
and proprioceptive systems? And (2) what is the autonomous role of
Sr in Ch organ development? We show that, similarly to muscles, Ch
460 Y. Klein et al. / Developmental Biology 337 (2010) 458–470organs are patterned in a Stripe-dependent mechanism. However, the
patterning of the proprioceptive system is independent of Sr
expression in tendon cells. Thus, the two parts of the locomotive
system use molecularly similar but independent patterning mechan-
isms that converge to form together one functional unit.We also show
that in the ﬁrst phase of LCh5 localization Sr is required autonomously
within the ligament cells for terminal differentiation and proper
stretching, without which, no induction of LA cells takes place. Then,
in the second phase of the localization process, Sr activity is necessary
within the recruited epidermal cells for their differentiation as
attachment cells. Sr is sufﬁcient for LA cell differentiation and it can
induce ectopic LA cells in competent domains in the ectoderm.
Similarly to tendon cells, terminal differentiation of the CA and LA
cells is associatedwith sequential activation of the two isoforms of the
Stripe protein—Stripe B and Stripe A.
Materials and methods
Fly strains
The following strains were used (described in FlyBase http://
ﬂybase.bio.indiana.edu/ unless otherwise indicated): Canton S, yw,
ato-Gal4 (Hassan et al., 2000), repo-Gal4 (Lee and Jones, 2005), en-
Gal4, 69B-Gal4 (Brand and Perrimon, 1993), UAS-CD8-GFP; sr-Gal4/
TM6 (obtained from T. Volk), UAS-srB (Becker et al., 1997), UAS-srA
(Volohonsky et al., 2007), UAS-actin-GFP (Verkhusha et al., 1999),
UAS-moesin-GFP (Karagiosis and Ready, 2004), sr155 (Usui et al.,
2004), Df(3R)DG4 (Frommer et al., 1996), vndddL6(Simcox et al.,
1996), hhts2 (Hatini and DiNardo, 2001), rhoΔ38(Freeman et al., 1992),
Df(3R)ED5438, Df(3R)ED5416, IlkZCL3111 (Obtained from G. Tanent-
zapf). The following strains were generated by recombination:
sr155ato-Gal4/TM6, Tb Hu abdA-lacZ, vndddL669B-Gal4/TM6, Tb Hu
abdA-lacZ, vndddL6 UAS-srB/TM6B, abdA-lacZ, sr155UAS-srB/TM6B,
abdA-lacZ, en-Gal4/Cy; sr155/TM6B, abdA-lacZ, sr15569B-Gal4/ TM6B,
abdA-lacZ, UAS-actin-GFP; sr155/TM6B, abdA-lacZ, LCh5-cap-LacZ; Df
(3R)ED5438/TM6B, abdA-lacZ. The LCh5-cap-LacZ reporter (N. Matia,
unpublished data) contains a regulatory fragment from the dei locus
fused to LacZ in the pH-Pelican vector.
Production of anti- α-Tub85E antibodies
Based on data from Matthews et al. (1990) a peptide spanning
amino acids 438–449 of the α-Tub85E protein (DSTTELGEDEEY) was
synthesized, conjugated through its amino terminal to KLH and
injected to rabbits (BioSight Ltd. Peptide Technologies, Karmiel,
Israel). The anti- α-Tub85E serum was afﬁnity-puriﬁed on a column
of the synthetic peptide.
Immunohistochemistry
Staining of whole-mount embryos was performed using standard
techniques. The following primary antibodies were used: rabbit anti-
α-Tub85E (1:10, this work); mouse and rabbit anti-β-galactosidase
(1:1000, Promega and Cappel, respectively); guinea pig anti SrA/B
(1:300, Becker et al., 1997); anti-SrA (1:100, Volohonsky et al., 2007);
monoclonal antibodies anti-Futsch (22C10, 1:20), anti-βPS integrin
(CF.6G11, 1:100), anti-En (E4D9, 1:10), anti-Repo (8D12, 1:10), anti-
Shot (Rod1, 1:10) and anti-Wg (4D4, 1:10) were obtained from the
Developmental Studies Hybridoma Bank developed under the auspic-
es of the NICHD and maintained by the University of Iowa. Secondary
antibodies for ﬂuorescent staining were Cy3, Cy2 or Cy5-conjugated
anti-mouse/rabbit/rat/guinea pig (Jackson Immunoresearch Labora-
tories). Stained embryosweremounted in Dako FluorescentMounting
Medium (DakoCytomation, Glostrup, Denmark) and viewed using
confocal microscopy (LSM 510, Zeiss). The secondary antibodies for
non-ﬂuorescent staining were biotinylated anti-mouse/rabbitdetected with Vecta-Stain-Elite ABC-HRP kit (Vector Laboratories).
Stained embryos were mounted in 70% glycerol, 30% Tris pH 7.6 and
viewed using bright-ﬁeld microscopy (Axioskop, Zeiss).
In situ hybridization
A 640-bp fragment of β1-tubulin exon 2 was ampliﬁed and used as
a template for probe production. To generate a srB-speciﬁc probe, a
291-bp fragmentwas ampliﬁed from the 5′UTR of the gene (bases 87–
377 of the transcript) and used as a template for synthesizing sense
and anti-sense digoxigenin-labeled riboprobes. Whole-mount in situ
hybridization was carried out as described in Robinow et al. (1997).
Results
The ligament cells lead the migrating LCh5 organs
LCh5migration takes place within a limited domain framed by two
vertical rows and two inter-segmental rows of Sr-expressing tendon
cell (Figs. 2A–F). The LCh5 organs originate in the dorsal posterior
corner of this rectangular domain, within the anterior raw of En-
expressing cells, and reach the ventral anterior corner, anterior to the
Wg domain. The ligament cells, which express the glial cell markers
Glial Cell Missing (Gcm) and Reversed Polarity (Repo) (Hosoya et al.,
1995; Jones et al., 1995; Campbell et al., 1994), are positioned at the
front of the migrating organs (Inbal et al., 2003; Fig. 2G–H). Thus,
although they are not considered as classical glia, the ligament cells
may actually possess active migratory abilities typical of more
‘standard’ glial cells (Sepp et al., 2000). To establish whether the
ligament cells are actively involved in the migration of LCh5 organs
we drove expression of Moesin-GFP in the ligament cells under the
regulation of repo-Gal4, or in the entire Ch organ under the regulation
of ato-Gal4. Both ato-Gal4/UAS-Moesin-GFP and repo-Gal4/UAS-
Moesin-GFP embryos exhibited similar pattern of ﬁlopodia extending
from the basal side of the ligament cells during the period of LCh5
migration (Figs. 2G–H), suggesting that the ligament cells actively
participate in guiding the migrating LCh5.
sr is required for terminal differentiation and migration of ligament cells
The sr gene is expressed in the ligament, CA and LA cells of Ch
organs (Inbal et al., 2004). To establish whether sr plays a role in the
process of LCh5 localization, similarly to its role in patterning of the
contractile system, we examined the pattern of Ch organs in srmutant
embryos. In sr155mutant embryos, either homozygous or hemizygous
over Df(3R)DG4, the LCh5 organs displayed aberrant pattern in all
examined segments (n=99). In many segments the LCh5 organs
were not properly stretched and in the most severely affected
segments the LCh5 organs remained associated with the dorsal PNS
cluster (Figs. 3A–C). This observation implies that sr is required for
proper migration or stretching of LCh5 organs.
Since the ligament cells lead the migrating organs we ﬁrst
examined the effects of sr loss-of-function on terminal differentiation
of the ligament cells by examining the expression of various structural
proteins in wild type versus sr mutant embryos. The most dramatic
effect was seen with the Ch-speciﬁc tubulin, α-Tub85E, which is
normally expressed in the cap, ligament, CA and LA cells of the LCh5
(Fig. 3D). In sr155 homozygous embryos the expression ofα-Tub85E in
the ligament cells was lost, with the exception of the most anterior Ch
organ, which occasionally retained α-Tub85E expression. Double
staining with anti-Repo or anti-Dei veriﬁed that the ligament cells
formed properly in sr155 mutant embryos, but failed to express α-
Tub85E (Figs. 3B and E, respectively). In contrast to the ligament cells,
the LA cells did not form at all in the absence of Sr activity and hence
no α-Tub85E expression was seen in the corresponding region (Fig.
3E). α-Tub85E was also signiﬁcantly down regulated in the CA cells
Fig. 2. LCh5migration is led by the ligament cells. (A–E)Wildtype embryos stained with anti-α-Tub85E (green), anti-Sr (red) and anti-En (blue). (A) The LCh5 organs are born in the
anterior edge of the en domain during stage 11 and by stage 12 they can be detected by anti-Sr staining in the CA cell (arrow). (B-C) At stage 13 the CA cells (arrow), which start to
express α-Tub85E, serve as an anchor during the rotation of the LCh5 organ. Once at the right orientation, the LCh5 ligament cells (arrowhead) migrate out of the en domain. (D) At
stage 14 the ligament cells, which express low levels ofα-Tub85E, approach their attachment site (arrowhead). (E) At the end of stage 15 the ligament cells induce the differentiation
of LA cells, which are identiﬁed by the expression of Sr (arrowhead). (F) A stage 14 embryo stained with anti-α-Tub85E (blue), anti-Sr (green) and anti-Wg (red). The LCh5 organs
cross theWg-domain on their way to the anteriorly located attachment site. (G) LCh5 organs of a stage 15 wildtype embryo visualized by anti-α-Tub85E (C and CA cells, blue), anti-
Futsch (neurons, red) and repo-Gal4Nmoesin-GFP (ligament cells, green). Note the ﬁlopodia extending from the ventral tip of the ligament cells (arrowhead). The green channel is
shown separately in (H). The inset in (H) shows a close-up view of ligament cell ﬁlopodia from the repo-Gal4Nmoesin-GFP embryo (on the left) and an ato-Gal4Nmoesin-GFP
embryo.
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previously reported (Inbal et al., 2004 and Fig. 3B). As expected, the
expression of α-Tub85E was retained in the cap cells, which normally
do not express the sr gene. Ectopic expression of sr under the
regulation of en-gal4 led toα-Tub85E expressionwithin all cells of the
LCh5 lineage (Fig. 3F), as well as in epidermal cells, suggesting that Sr
is required and sufﬁcient to induce the expression of α-Tub85E.
The expression of β1-Tub was also downregulated in the LCh5
organs of sr mutant embryos and elevated in embryos that over-
expressed sr (Figs. 3G–I). In addition, as previously reported
(Frommer et al., 1996; Becker et al., 1997), any alteration in Sr
activity affected β1-Tub expression in the tendon cells. Similarly, theexpression of Shortstop (Shot) and the expression of βPS-integrin
were diminished in the ligament cells of srmutant embryos (Figs. 3K
and N, respectively), whereas ectopic expression of sr under the
regulation of en-gal4 led to their ectopic expression in epidermal and
LCh5 cells (Fig. 3L and data not shown). Altogether these observations
strongly suggest that Sr plays an important role in terminal
differentiation of ligament cell.
The effect of Sr on LCh5 migration is not mediated through α-Tub85E
It has been previously suggested that α-Tub85E, which is
expressed in the testis, certain muscles and Ch organs, is required
Fig. 3. sr is required for terminal differentiation and migration of ligament cells. (A–C) Lateral view of stage 16 embryos stained with anti- α-Tub85E (blue) and anti-Repo (red),
which labels the ligament cells' nuclei (arrowheads). (A) A wildtype embryo. The LCh5 organs in all abdominal segments reached their lateral attachment sites. (B–C) A sr155
homozygous embryo. The LCh5 organs are not properly stretched and some of them fail to migrate ventrally (arrows). The blue channel of (B) is shown separately in (C). (D–F)
wildtype (D), sr155 (E) and en-gal4/UAS-srB (F) embryos stained for Dei (green) and α-Tub85E (magenta). The cap (C), ligament (L), CA and LA cells are indicated. In the absence of
Sr activity the ligament cells fail to express α-Tub85E. Ectopic expression of Sr leads to ectopic production of α-Tub85E in all cells of the Ch lineage (arrow in F) and epidermal cells
within the en domain (arrowhead in F). (G–I) In situ hybridization with a β1-tub-speciﬁc probe to wildtype (G) sr155 (H) and en-gal4/UAS-srB (I) embryos. Note the loss of β1-tub
expression in the attachment cells of the sr155 embryo (arrowheads in H) and the ectopic expression in the LCh5 lineage (arrow) and ectodermal cells (arrowhead) in the en-gal4/
UAS-srB embryo (I). (J–K) Awildtype (J), and sr155 embryos stained with anti-Sr (green), anti-α-Tub85E (blue) and anti-Shot (red). The red channel is shown separately on the right.
(L) An en-gal4/UAS-srB embryo stained with anti-Shot (green). The ligament cells of each embryo are markedwith a bracket. The arrow in J point to the high concentration of Shot in
the LA cell. Note the loss of Shot expression in the ligament cells of the sr155 embryo (arrowheads in K) and the ectopic expression of Shot in the LCh5 lineage and ectodermal cells in
the en-gal4/UAS-srB embryo (arrowhead in L). (M–N) Heterozygous (M) and homozygous sr155 (N) embryos stained with anti-βPS integrin (red), anti-Sr (green), and anti-α-
Tub85E (blue). The ligament cells of each embryo are marked with a bracket. The arrow in M point to the high concentration of βPS integrin in the LA cell. Loss of βPS integrin is
evident in the sr155 homozygous embryo (arrowhead in N).
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Moreover, mutations in α-Tubulin cause defects in neural migration
in mice and lissencephaly in humans (Keays et al., 2007). Since our
data demonstrate that α-Tub85E is regulated by Sr in the ligament
cells, and that Sr activity in these cells is obligatory for their proper
stretching, we asked whether the migration/stretching-promoting
activity of Sr is mediated through α-Tub85E. To address this question
we examined whether removal of α-Tub85E can phenocopy sr loss-
of-function in the LCh5.We examined the morphology of LCh5 organs
in embryos transheterozygous for two deﬁciencies (Df(3R)ED5438
and Df(3R)ED5416), which overlap in a 28-kb region that uncovers
the entire α-Tub85E locus.
Quite surprisingly, the complete removal of α-Tub85E expression
did not perturb LCh5 migration or stretching so that the morphology
and position of the LCh5 neurons, ligament cells and cap cells wasFig. 4. The effect of Sr on LCh5 migration is not mediated through α-Tub85E. Abdominal se
anti-α-Tub85E and anti-Shot (C, D), and anti-α-Tub85E (blue) and anti β-gal (red) (E, F) an
unpublished data), which marks strongly the cap cells of the LCh5 organs (A, C, E)
transheterozygous for Df(3R)ED5438 and Df(3R)ED5416. Transheterozygous embryos were
correctly positioned (B), the ligament cells migrate and stretch properly (arrow in D) and tnormal in the α-Tub85E-deﬁcient embryos (Fig. 4). These observa-
tions indicate that the α-Tub85E protein is not necessary for
stretching and elongation of the LCh5 cells during embryonic
development and that the phenotypes observed in srmutant embryos
do not stem from loss of α-Tub85E expression. It is still possible that
α-Tub85E is required for the extreme elongation of LCh5 cells during
larval stages, however this could not be determined due to early
lethality of the α-Tub85E deﬁcient animals.
Autonomous and non-autonomous requirement for Sr activity in
LCh5 migration
We have demonstrated that Sr is required for proper differentia-
tion of the ligament cells. However,we do not knowwhether the effect
of Sr on LCh5 migration is mediated through its activity within thesegments of stage 16–17 embryos visualized with anti-α-Tub85E and mAb 22C10 (A, B),
tibodies. β-gal expression in E and F is driven by the LCh5-cap-lacZ reporter (N. Matia,
embryos heterozygous for one of the deﬁciency chromosomes. (B, D, F) Embryos
identiﬁed by the complete absence of anti-α-Tub85E staining. The Lch5 neurons are
he cap cells are fully stretched (F) in the absence of α-Tub85E.
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via its activity in the ligament cells, and/or non-autonomously, via its
activity in the surrounding tendon cells, or the ﬁnal destination - the
LA cell, two approaches were taken. In one set of experiments we
examined the effects of altering the spatial map of Sr-positive cells in
the region of LCh5 migration by eliminating speciﬁc rows of tendon
cells. In another set of experiments we attempted to rescue LCh5
migration in srmutant embryos by restoring Sr expression speciﬁcally
in the ligament cells.
The repeating pattern of Sr expression is established in a complex
manner. Each of the three vertical rows of Sr-positive tendons is
regulated by distinct inductive pathway. The most anterior row (#1)
is induced by Hedgehog (Hh), the second row (#2) is induced by the
EFGR ligand Spitz (Spi) and the third row (#3) is induced by the
activity of Wingless (Wg) (Piepenburg et al., 2000; Hatini and
DiNardo, 2001). To test if the surrounding groups of tendon cells
affect LCh5 migration we examined the pattern of LCh5 migration in
embryos that lack speciﬁcally row #1 or #2 (row #3 does not extend
to the lateral region of the embryo and was thus not tested).
In spiOE92 and rhoΔ38 homozygous embryos, which lack speciﬁ-
cally row #2 of Sr-positive cells, LCh5 migration seemed largely
normal (Fig. 5B and data not shown), suggesting that row #2 does
not provide cues for LCh5 migration. To speciﬁcally eliminate row
#1, we used a temperature-sensitive allele of hh, hhts2 to remove hh
function at the time of sr induction (7 AEL onward), without
affecting earlier developmental events (Hatini and DiNardo, 2001).
The elimination of row #1 of Sr-positive cells in hhts2 mutant embryo
had a mild effect on LCh5 migration. Nine percent of abdominal
segments displayed dorsally-positioned LCh5 organs, whereas in 39%
(n=76), the ligament cells reached the right lateral region, but then
passed their normal attachment site, turned posteriorly and
aberrantly attached to a Sr-positive cell from within the interseg-
mental row of tendons (Fig. 5C). In 13% (n=76) of the segments we
observed more than one LA cell (Fig. 5C). In all abdominal segments
of hhts2 embryos examined (n=59), the ventral Ch organs (VChA
and VChB) were missing or abnormally positioned in the ventral
region of the embryo, and in 90.7% (n=76) the LCh1 organ was
missing.
The spiOE92, rhoΔ38 and hhts2 mutations are likely to result in
multiple cell fate changes in the embryo that could affect the
interpretation of these experiments. However, in spite of the
pleiotropic nature of these mutations, the LCh5 organs could reach
the right lateral position in the vast majority of segments of the
mutant embryos. These observations strongly suggest that the
longitudinal rows of Sr-positive cells do not play a major role in
guiding the migrating LCh5 from the dorsal PNS cluster to the lateral
region. The ﬁrst row however may play a role in the very ﬁnal step of
migration, in which the ligament cells approach their prospective
attachment site and induce the differentiation of their unique
attachment cells. In the absence of row #1, the ligament cells contact
and induce the differentiation of attachment cells in aberrant
positions. The ability of the ligament cells to turn towards Sr-positive
cells in their close vicinity may suggest that the recruited attachment
cells signal back to the ligament cells, possibly helping to shape the
contact between them.
To further evaluate the importance of sr expression within the
ligament cells we performed a rescue experiment in which srB (whichFig. 5. Autonomous and non-autonomous requirement for Sr activity in LCh5migration. (A–E
anti-SrA/B (red). The green and red channels are shown separately in A'–E' and A''–E'', re
attachment site (arrow) to the ventral anterior attachment site (arrowhead). The three long
missing, yet the LCh5 organs migrated to the right lateral position and contacted an attachm
embryos due to early requirement of Rho for Ch precursor recruitment. (C) An hhts1 embryo t
and reached the correct lateral region, but often passed their normal attachment site, turned
group of tendon cells (arrowheads). The induction of supernumerary LA cells is marked by br
typical of sr LOF (the bracket marks the cap cells). (E) A repo-Gal4/+; sr155/sr155,UAS-srB emb
expression of SrB in ligament cells fully rescued LCh5 migration and stretching (the bracket m
low levels of α-Tub85E (arrow) and detachment of cap cells is evident (asterisk).is the only splice form of sr expressed normally in these cells, see
below) was expressed speciﬁcally in the ligament cells under the
regulation of repo-Gal4 in a sr mutant background. The LCh5
phenotype was evaluated by anti-α-Tub85E staining. Perturbed
migration of LCh5 organs was observed in 91.3% (n=46) of the
segments of repo-Gal4; sr155 embryos, and in 88% (n=60) of the
segments in sr155, UAS-srB embryos. However, in repo-gal4; sr155, UAS-
srB embryos, in which srB expression was restored in the ligament
cells, the ability of the LCh5 tomigrate was dramatically improved and
aberrant migration was observed in only 12% of the examined
segments (n=66) (Figs. 5D, E). As expected, the differentiation of CA
cells was not restored in the rescued embryos, as indicated by the low
level of α-Tub85E expression and the detachment of some of the cap
cells (Fig 5E). The LA cell, which is normally recruited by the ligament
cells, was not rescued when srB expression was restored in the
ligament cells, yet the ligament cells were able to reach their ﬁnal
destination and stop at the right site. This observation indicates that
the LA cell itself is not required for directing the ligament cells to their
prospective attachment site. In addition this experiment demon-
strates the ability of ligament cells to reach the right lateral region in
the absence of Sr expression in tendon cells. The ability of ligament-
speciﬁc expression of srB to fully rescue LCh5 migration implies that
the activity of SrB in the ligament cells is required and sufﬁcient for
LCh5 migration.
Sr is required and sufﬁcient for LA cell differentiation
We have previously shown that Sr is required for the development
of LA cells (Inbal et al., 2004). In the absence of ligament cells, or in
case they fail to reach the correct lateral region, LA cells are not
induced (Inbal et al., 2004). The SrB protein is normally expressed in
both the recruiting ligament cells and the recruited LA cells. Thus, it
could affect LA cell formation non-autonomously via its effects on
ligament cell migration and terminal differentiation, and/or play an
autonomous role in the recruited LA cells.
The rescue experiments described above indicates that while SrB
is required for proper differentiation of the ligament cells its
expression there is not sufﬁcient for LA cell induction. It also
suggests that autonomous activity of SrB is required within the LA
cell to initiate its differentiation program (Fig. 6B). In accordance
with that, expression of srB under the regulation of the pan-
ectodermal driver 69B-Gal4 in a sr155 mutant background did
restore LA cell differentiation in 29% of the segments (n=34) as
indicated by the co-expression of α-Tub85E and Sr in the rescued
LA cells (Fig. 6D). Careful examination of the expression pattern
induced by 69B revealed, in addition to the epidermal expression,
low level of expression in the ligament cells. This weak expression
of SrB is sufﬁcient for partially rescuing ligament cell differentiation
and migration, but as shown above, is not sufﬁcient for driving LA
cell development.
LA cell recruitment is mediated by the neuregulin-like ligand Vein
(Vn), which is secreted from the ligament cells. Activation of the EGFR
in the receiving cell leads to up-regulation of sr and consequent
differentiation of the LA cell (Inbal et al., 2004). In vn null embryos the
EGFR is not activated and sr expression is not induced in the
prospective LA cells. As a consequence, in vn mutant embryos LA
cells do not form even though the ligament cells differentiate and) Abdominal segments of stage 16–17 embryos stained with anti-α-Tub85E (green) and
spectively. (A) A wildtype embryo. The LCh5 are stretched from the dorsal posterior
itudinal tendon rows are indicated. (B) A rhoΔ38 embryo. The second row of tendons is
ent cell (arrowhead). Only three, instead of ﬁve, scolopidia are formed in rho mutant
hat lacks the ﬁrst Sr-expressing row of tendon cells. The ligament cells (arrow)migrated
posteriorly and aberrantly attached to a Sr-positive cell fromwithin the intersegmental
acket. (D) A repo-Gal4; sr155 embryo presenting aberrant LCh5 migration and stretching
ryo in which SrB expression was restored only in the ligament cells (and other glia). The
arks the cap cells and the arrowhead points to the ligament cells). The CA cells express
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Fig. 6. Sr is required and sufﬁcient for LA cell differentiation. Stage 16–17 embryos stained with anti-α-Tub85E (cyan) and anti-SrA/B (red). (A) A wild type embryo. Sr expression is
evident in the ligament (arrowhead) and LA cells (arrow). (B) LA cells do not form in sr155 homozygous embryos (arrow). (C) A sr155,en-Gal4/ sr155,UAS-srB embryo. The expression
of SrB in the Ch lineage in a sr mutant background rescued ligament cell differentiation, but was not sufﬁcient for LA cell formation (arrow). (D) Expression of SrB under the
regulation of the pan-ectodermal driver 69B-Gal4, in a sr null background (sr155, 69B-Gal4/ sr155, UAS-srB) rescued LA cell formation as visualized by the co-expression of Sr and α-
Tub85E (arrow). (E) In veinL6 embryos, LA cells do not form (arrow) due to lack of EGFR activation. (F) A veinL6, 69B-Gal4/veinL6, UAS-srB embryo. The requirement for EGFR
activation can be bypassed by expressing SrB in epidermal cells (arrow). (G–H) A 69B-Gal4/veinL6(G) and veinL6, 69B-Gal4/veinL6, UAS-srB embryos stained with anti-Sr (green),
anti-α-Tub85E (blue) and anti-dpERK (red). The LA cells are marked with arrowhead. Anti-dpERK staining is not evident in the rescued LA cells in (H).
466 Y. Klein et al. / Developmental Biology 337 (2010) 458–470migrate properly (Fig. 6E and Inbal et al., 2004). We used this genetic
setup to test whether activation of the EGFR pathway is necessary
only for the up-regulation of sr, and whether ectopic expression of sr
in epidermal cells can bypass the need for EGFR activation and drive
LA cell differentiation in vn null background. To address these
questions we mis-expressed srB under the regulation of 69B-Gal4 in
a vn null background (Fig. 6F). In vn mutant embryos that mis-
expressed srB throughout the ectodermmultiple LA cells were formed
adjacent to the ligament cells, in spite of the lack of Vn signaling and
EGFR activation in these cells (Figs. 6F–H). This result demonstrates
that activation of the EGFR pathway in the prospective LA cell can be
bypassed by artiﬁcially elevating Sr expression in epidermal cells. It
also suggests that Sr is not only necessary, but also sufﬁcient, to drive
LA cell differentiation.
Taken together, our results reveal a dual role played by Sr in LA cell
development. First, Sr is required for terminal differentiation and
proper migration of the ligament cells, without which, no induction of
LA cells takes place. Then, Sr activity is necessary within the recruited
LA cells for their differentiation.The two splice variants of sr play different roles in LCh5 development
The sr gene transcribes two splice variants termed srA and srB
(Frommer et al., 1996). In the process of tendon cell development the
two splice variants play distinct roles and are accordingly expressed in
temporally and spatially different patterns in the developing tendons
(Volohonsky et al., 2007).
To establish whether the SrA and SrB proteins play different roles
during LCh5 development, we ﬁrst characterized the expression
pattern of each of these isoforms in the developing organs using
antibodies that recognize speciﬁcally the SrA protein and antibodies
that recognize both SrA and SrB (Volohonsky et al., 2007). The earliest
signal of Sr expression was detected in the LCh5 of stage 12 embryos.
At this stage the CA cells exhibited a strong signal of SrB, whereas the
ligament cells exhibited very low levels of SrB expression (Fig. 7A).
SrA was detected in the CA cells shortly after SrB, whereas the
ligament cells expressed only SrB throughout embryogenesis (Fig.
7B). Based on results of in situ hybridization with a srB-speciﬁc probe
we assume that SrB expression persists in the CA cells (data not
Fig. 7. Differential expression and function of SrA and SrB in LCh5 cells. (A–D) Abdominal segments of wild type embryos stained with anti-SrA/B (red) and anti-SrA (magenta)
antibodies. (A) At stage 12, SrB is strongly expressed in the CA cells (arrow). Veryweak expression is observed in the ligament cells (arrowhead). SrA is not expressed in this stage (B)
SrA expression is ﬁrstly detected in the CA cells (arrow) and speciﬁc tendon cells. (C) At late stage 15 the LA cell is induced and begins to express SrB (arrow). (D) At stage 17 the LA
cell starts to express SrA in addition to SrB (arrow). SrB is the only isoform to be expressed in the ligament cells throughout development (arrowheads in A, C, D). (E) An en-Gal4/
UAS-srA embryo stained with anti-Sr (green), anti-α-Tub85E (blue) and anti-βPS integrin (red). The anti-α-Tub85E staining is shown separately in E' and the anti-βPS staining in E''.
The LCh5 organs do not migrate out of the En domain (arrows), which expresses high levels of βPS integrin. (F) An en-Gal4/UAS-srB embryo stained with anti-α-Tub85E (blue) and
anti-Repo (red). The LCh5 organs migrate out of the En domain, but often display aberrant migration. (G) A paired-Gal4/UAS-srA embryo stained for α-Tub85E (blue) and anti-Wg
(red).
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468 Y. Klein et al. / Developmental Biology 337 (2010) 458–470shown). The LA cell, which forms at stage 16, is initially identiﬁed by
the expression of SrB (Fig. 7C). Only at late stage 17 SrA expression
becomes evident in this cell (Fig. 7D). Thus, the two splice variants of
sr are differentially expressed within the LCh5 lineage. Whereas SrB is
expressed in both the ligament and the LCh5 attachment cells, SrA is
expressed only in the epidermal attachment cells following SrB
expression.
The differential expression of SrA and SrB in the LCh5 organs
suggests that they play different roles in LCh5 development, probably
by regulating the expression of different sets of target genes. In
addition, the late onset of SrA expression in the attachment cells
suggests that the maturation of Ch attachment cells depends on SrA
expression, similarly to thematuration of tendon cells. SrA is probably
requiredwithin the Ch attachment cells for the expression of ECM and
adherence components that turn them into “sticky” cells and allow
them to resist mechanical strain imposed on them during larval
locomotion. An observation that supported the idea that SrA's
expression increases the adhesiveness of cells was that its ectopic
expression under the regulation of en-Gal4 dramatically up-regulated
βPS-integrin expression and completely prevented LCh5 migration
out of this domain (Fig. 7E). Similar expression of SrB disturbed LCh5
migration in only 35% of the abdominal segments tested (n=89) and
the effect was much less severe (Fig. 7F). We believe that the inability
of LCh5 organs to migrate away from the SrA expressing cells in the
posterior segment boundary is caused by the increased adhesiveness
of these cells and not due to ectopic secretion of attractant molecules.
SrA is, normally, not expressed early enough to be involved in the
regulation of guidance molecules and in addition, we have shown
here that LCh5 cells can migrate properly in the absence of Sr
expression in the epidermis. Moreover, ectopic expression of SrA in
alternating segments under the regulation of paired-Gal4 prevented
the migration of LCh5 organs away from the stripe of SrA expressing
cells, but did not attract LCh5 of neighboring segments (Fig. 7G).
Similar expression of SrB did not disturb LCh5 migration at all (data
not shown).Discussion
The contractile system and the proprioceptive system constitute two
parts of a single functional unit and use similar patterning mechanisms
A precise pattern of skeletal or body wall muscles (in vertebrates
and ﬂy larvae, respectively) is required, but not sufﬁcient for
coordinated locomotion. The other component, which is required
for the ability of the organism to move properly, is an accurate
pattern of proprioceptors that provides the brain with continuous
information about body posture and movements. Mammalian muscle
spindles, which function as stretch-responsive proprioceptors, are
composed of a bundle of encapsulated skeletal muscle ﬁbers
innervated by sensory neurons. In contrast, the ﬂy stretch-responsive
proprioceptors, the Ch organs, do not develop as an integral part of
the muscular system and have a strictly ectodermal origin. They do
not sense the tension of each muscle separately, but are positioned in
close proximity to the body wall muscles and are attached to the
exoskeleton in a diagonal orientation that enables them probably to
detect the contractions of various muscles, which are stretched at
various orientations, simultaneously. It is not known how is the
patterning of the two complementing, contractile and proprioceptive,
systems achieved. One way that could be used to guarantee full
coordination is to use the same mechanism to pattern both systems.
Patterning of the contractile system relies on a continuous dialogue
between migrating muscle ﬁbers and Sr-expressing tendons (Volk,
1999; Schnorrer and Dickson, 2004). Here we demonstrate that the
migrating Ch organs also depend on Sr for their correct patterning
and attachment.The role of Sr in patterning the contractile and proprioceptive
systems—variations on the same theme
Our data reveal the similar, yet distinct, roles played by Sr in
patterning the contractile and the proprioceptive systems in the ﬂy
embryo. Sr plays a dual role in Ch organ development. It is expressed
and required in the ligament cells for terminal differentiation and
proper migration/stretching, without which no induction of LA cells
takes place. Stripe's activity is then necessary within the recruited
cells for their differentiation as attachment cells. Similarly to the
biphasic differentiation of tendons, terminal differentiation of Ch-
attachment cells depends on sequential activity of the two splice
variants SrB and SrA. In the contractile system Sr expression is most
prominent in the developing tendon cells, however, lower level of Sr
expression is clearly seen in the developing muscles as well
(unpublished data). Thus, in both systems Sr is expressed in both
the migrating cells (ligament cells and muscles) and the cells that
eventually anchor them to the cuticle (LA cells and tendon cells,
respectively). In both systems Sr is required for the differentiation of
the attaching cells. It remains to be established whether, similarly to
the ligament cells, Sr plays an autonomous role in muscle develop-
ment in addition to the non-autonomous effect it exerts on muscle
development through its activity in tendon cells.
What guides the LCh5?
Although the LCh5 organs depend onnormal Sr expression for their
terminal differentiation, migration and attachment, they do not use
the same Sr-expressing cells that guide the migrating myotubes as
their own guiding posts. The identity of the cells that direct Ch organ
migration remains to be identiﬁed. Itwill be also interesting to identify
which downstream targets of Sr are requiredwithin the ligament cells
for their ability to elongate or respond to migratory cues.
One surprising observation was that the ligament cells stopped
migrating at the right position in the absence of Sr activity in the
surrounding tendons and prospective LA cells (Fig. 5). It is not known
what cues normally signal the ligament cells to stop migrating. The
“stop signal” probably does not emanate from the ventral longitudinal
muscles, since the ligament cells stop migrating correctly in the
absence of normal muscle pattern (N. Halachmi, unpublished data). It
could be that the ligament cells behave in this respect like a dog on a
leash, meaning that they stretch ventrally as much as they can being
restrained at their dorsal side by the Ch neuron, which is probably
held to its position by interactions with the inter-segmental nerve
and/or other cells in that region such as the oenocytes. Another
possibility is that other, unidentiﬁed cells provide a stop signal in a
Sr-independent manner.
Normally, once the ligament cells reach the right lateral region
they recruit an LA cell from within a group of competent epidermal
cells and attach to it (Inbal et al., 2004). Our data suggest that some
kind of crosstalk between the ligament cells and the recruited LA cell
is required for accurate selection of the contact site and maturation of
only one attachment cell. In the absence of Sr expression in the
epidermis, the migrating ligament cells stall in the right position but
do not induce attachment cell differentiation. We assume that the
ligament cells do secrete the EGFR ligand Vn in this situation,
however, without epidermal expression of Sr, the differentiation of LA
cells cannot commence and the ligament cells have no anchor point to
which they can actually attach. In contrast, in the presence of
abnormal pattern of Sr expression in the epidermis (such as in hh
mutant embryos; see Fig. 5C) the ligament cells reach the right lateral
region, secrete Vn and induce the differentiation of LA cells from
within the nearest group of competent cells. The observation that the
ligament cells can turn towards miss-localized LA cells suggests that
the recruited LA cells signal back to the ligaments helping to shape the
contact between them.
469Y. Klein et al. / Developmental Biology 337 (2010) 458–470The epidermis is divided to domains with different competencies to
respond to Sr
Previous work suggested that all epidermal cells are competent to
differentiate as tendons upon ectopic Sr expression (Vorbruggen and
Jackle, 1997). Our data demonstrate however that ectopic expression
of SrB or SrA throughout the epidermal layer leads to differentiation of
certain epidermal territories as LA cells, as indicated by the expression
ofα-Tub85E (e.g. Fig. 6). Thus, the epidermal layer is not equipotent in
its response to Sr expression: some epidermal cellswill differentiate as
tendons, whereas other cells will differentiate as LA cells upon Sr
expression. It is not known what confers different epidermal
territories with the competence to differentiate as tendons or LA cell,
however, based on the striped appearance of the competent domains
we assume that segmentation genes are involved. The spatial
restriction of alternative cell fates in the epidermis, tendons versus
LA cells, may represent a developmental constraint necessary for the
co-patterning of the contractile and proprioceptive systems. Sites of
muscle attachment to the epidermis, at least in adult ﬂies, have been
conserved during evolution (Usui et al., 2004). It will be interesting to
ﬁnd out whether the mutual exclusion between tendons and Ch-
attachment cells was also evolutionarily conserved and what is the
underlying molecular mechanism.
Concluding remarks
Ch organs, which function as proprioceptors in insects and
crustaceans, must be anchored to speciﬁc sites in the epidermis in
order to sense relative displacement of body parts. The mechanisms
responsible for the accurate matching between the proprioceptors
that sense movement and the contractile system that generates
movement are largely unknown. Here we shed light on the
mechanisms that pattern the proprioceptive system in the ﬂy embryo.
This work extends the known similarity between mechanisms that
regulate pattern formation in the contractile and the proprioceptive
systems and suggest a generalized model for Sr-dependent patterning
of complex systems.
According to this model SrB expressing cells (muscles or
ligaments) migrate to speciﬁc destinations where they induce the
differentiation of, and attach to, specialized Sr-expressing cells
(tendons or LA) by secreting Vn and activating the EGFR in the
recruited cells. Activation of the EGFR leads to up-regulation of Sr
expression, which is necessary and sufﬁcient for attachment cell
formation. Terminal differentiation of the attachment cells depends
on sequential activation of the two splice-variants SrB and SrA.
Cross-talk between the migrating cells and the developing attach-
ment cells may play a role in directing the migrating cells and
shaping the ﬁnal attachment between them and their attachment
cells.
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